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Edited by Ned ManteiAAbstract Although basic ﬁbroblast growth factor (FGF2) is
generally included in the media for maintenance of human
embryonic stem cells (hESCs), the action of FGF2 in these cells
has not been well deﬁned. Here, we determined the roles of FGF2
in maintaining hESC self-renewal. Withdrawal of FGF2 from
the media led to acquisition of typical diﬀerentiated characteris-
tics in hESCs. In the presence of FGF2, which is normally re-
quired for proliferation in an undiﬀerentiated state, inhibition
of phosphatidylinositol 3-kinase (PI3K)/Akt/PKB signal stimu-
lated diﬀerentiation and attenuated the expression of extracellu-
lar matrix (ECM) molecules. We suggest that FGF2 maintains
hESC self-renewal by supporting stable expression of ECM mol-
ecules through activation of the PI3K/Akt/PKB pathway.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Human embryonic stem cells (hESCs), which are derived
from the inner cell mass of human embryonic blastocysts,
are pluripotent and able to diﬀerentiate into a broad spectrum
of cell lineages [1]. Without physiological or environmental
stimuli, they divide indeﬁnitely in an undiﬀerentiated state
[2,3]. This self-renewal is thought to result from suppression
of diﬀerentiation during cell proliferation [4]. Recent studies
on hESCs demonstrated that soluble factors secreted from fee-
der cells are required for maintenance of the undiﬀerentiated
state [5] and that basic ﬁbroblast growth factor (FGF2) is
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Ressential for the undiﬀerentiated proliferation [6]. However,
although FGF2 (4 ng/ml as bFGF) is generally included in
the medium to support the undiﬀerentiated growth of hESCs,
the associated mechanism of FGF2 action in hESCs remains
unknown [7].
Recent work has identiﬁed a number of signaling molecules
involved in maintaining or regulating self-renewal in murine
embryonic stem cells (mESCs). For example, leukemia inhibi-
tory factor (LIF)-induced STAT3/ERK signals were shown to
determine the fate of proliferating undiﬀerentiated ES cells [8],
and activation of Src family tyrosine kinases or Wnt signaling
was found to be important for maintaining self-renewal of
mESCs [9,10]. Phosphatidylinositol 3-kinase (PI3K)-depen-
dent signaling was also shown to promote mESC survival
and proliferation [11]. Additionally, extracellular matrix
(ECM) molecules were shown to induce signals for promoting
proliferation and long-term maintenance of undiﬀerentiated
hESCs [12]. However, the precise signaling mechanism under-
lying self-renewal of hESCs is poorly understood.
In the present study, we suggest that FGF2 helps maintain
self-renewal of hESCs by assuring normal expression of
ECM molecules, and that it does this through activation of
the PI3K/Akt/PKB pathway.
TE
D2. Materials and methods
2.1. Cell culture and chemical treatments
Miz-hES1 (NIH-registered), -2, and -3 cells were cultured as previ-
ously described [3]. The culture medium consisted of DMEM/F12
supplemented with 20% knockout serum replacement, 0.1 mM
b-mercaptoethanol and 1% non-essential amino acids (all from Invit-
rogen) in the presence or absence of FGF2 (4 ng/ml as human recom-
binant bFGF; Invitrogen). For maintaining hESCs, about 100
undiﬀerentiated hESC colonies were mechanically isolated and the
resultant clumps were subcultured on new feeders every 5–7 days. If
necessary, LY294002 (Sigma) or NL-71-101 (Merck) was added to
the media and cells were cultured further for 7 days. Thereafter, pro-
longed hESC culture was performed for three passages.2.2. Flow cytometry assay
Dissociated hESCs were harvested and reacted with mouse anti-
tumor rejection antigen-1-60 (TRA-1-60) (Chemicon) or appropriate
isotype-matched controls (Beckman Coulter), and then with a ﬂuores-
cein isocyanate (FITC)-conjugated secondary antibody (Chemicon).
Fluorescence was measured in the hESCs using a ﬂow cytometerblished by Elsevier B.V. All rights reserved.
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quired from 5 to 10 · 103 cells and analyzed with the EXPO32 Multi-
COMP software (Beckman Coulter).
2.3. Western blot analysis
Proteins were extracted by lysis buﬀer (25 mM Tris–HCl, pH 7.4, 1%
NP-40, 25 mM EDTA, and protease inhibitor cocktail) and separated
by SDS–PAGE. The resolved proteins were transferred to nitrocellu-
lose membranes and detected by antibodies speciﬁc for human collagen
type IV a1, laminin a1, ﬁbronectin (all from Chemicon), integrin a6
(Santa Cruz), integrin b1 (Santa Cruz), Akt/PKB (Upstate) or phos-
phorylated Akt/PKB (Upstate), and an alkaline phosphatase (AP)-
conjugated secondary antibody (Santa Cruz). Proteins were visualized
by NBT/BCIP solution (Roche).
2.4. Quantiﬁcation of ECM molecules
The expression level of ECM molecules in hESCs was quantiﬁed by
enzyme linked immunosorbent assay (ELISA). After hESCs were re-
acted with antibodies speciﬁc for human collagen type IV a1, laminin
a1, ﬁbronectin, integrin a6 or integrin b1, samples were mixed with a
horseradish peroxide-conjugated secondary antibody and developed in
3,3 0,5,5 0-tetramethylbenzidine (TMB) solution. Absorbance was mea-
sured at 490 nm.
2.5. Immunoneutralization and immunocytochemistry
In order to block the interactions between laminin and its receptors,
hESCs were reacted for 5 h at 37 C with anti-integrin a6, -integrin b1,
or -gp130 antibody. Thereafter, the hESCs were maintained for 3 pas-
sages in a conditioned medium [12] under feeder-free conditions.Table 1
Primer sequences for RT-PCR
Genes Forward (F) and reverse (R) primer sequ
ECM proteins
Collagen type IV a1 F: GGGCTACCTGGAGAAAAAGG
R: TCCTGGAGAGCCACCAATAC
Laminin a1 F: ACTGAAGTACAGCGTGGCCT
R: GTTCAGACACTTCCCGGTGT
Fibronectin F: AAGGTTCGGGAAGAGGTTGT
R: TGGCACCGAGATATTCCTTC
Laminin receptors
Integrin a6 F: GACGATATGGATGGGGGAGA
R: ATTCCATCTGCCTTGCTGGT
Integrin b1 F: AGAACTGCACCAGCCCATTT
R: TTTCCCCTGTTCCATTCACC
Undiﬀerentiation cell markers
Nanog F: CAAAGGCAAACAACCCACTT
R: CTGGATGTTCTGGGTCTGGT
Oct4 F: GACAACAATGAGAACCTTCA
R: TTCTGGCGCCGGTTACAGAA
Rex1 F: CTGAAGAAACGGGCAAAGAC
R: GAACATTCAAGGGAGCTTGC
Sox2 F: ATGGACAGTTACGCGCACAT
R: GACTTGACCACCGAACCCAT
Fgfr4 F: GGCGTCCACCACATTGACTA
R: CGTGGCTGAAGACAGAATCG
Housekeeping gene
b-Actin F: AGCAAGCAGGAGTATGACGA
R: TGTGAACTTTGGGGGATGGA
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RAFor immunocytochemistry, hESCs were ﬁxed in 4% paraformalde-
hyde and preincubated in blocking buﬀer. The cells were reacted with
Oct3/4 primary antibody and then stained following the routine ABC
or FITC-ﬂuorescence method. The quantiﬁcation of protein expression
was performed on ﬂuorescent images using an image analysis program
(ImageProe 5.0, Media Cybernetics).
2.6. Reverse transcript polymerase chain reaction
Total RNA (500 ng) was extracted from hESCs using an RNeasy kit
(Qiagen) and transcribed into cDNA using AMV reverse transcriptase
(Roche Molecular Biochemicals), oligo d(T) (Invitrogen) and the
appropriate gene-based primer pairs (Table 1). Real-time PCR was
performed using an iCycler (Bio-Rad, Hercules, CA, USA) and iQTM
SYBR Green Supermix (Bio-Rad), according to the manufacturers
recommended protocols. The relative values of gene expression were
quantiﬁed by normalization against b-actin following the DDCT meth-
od and fold-changes were calculated as 2DDCT.
2.7. Determination of diﬀerentiated or undiﬀerentiated cells
Alkaline phosphatase staining was performed by using NBT/BCIP
solution (Roche). Following AP-staining [11], diﬀerentiated or undif-
ferentiated hESCs were counted from at least 400 randomly selected
hESC colonies.
2.8. Statistical analysis
All experiments were run in triplicate. The presented values are
given as means ± S.D. Diﬀerences between groups were determined
by paired t test. A P value of less than 0.05 was considered
signiﬁcant.
ED
ences GenBank No. Product size (bp)
NM001845 563
NM005599 555
NM002026 402
NM000210 481
NM002211 599
NG004093 426
NM013633 218
NM174900 344
NM003106 268
NM022963 448
BC013835 260
CT
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3.1. FGF2 withdrawal diminishes the self-renewal of hESCs
Human embryonic stem cells supplemented with 4 ng/ml
FGF2 (normal culture conditions) retained their undiﬀerenti-
ated state throughout the culture period. In contrast, when
FGF2 was withdrawn the hESCs displayed typical diﬀerenti-
ated morphologies by day 7 (Fig. 1A), and signiﬁcantly higher
diﬀerentiation rates after 12 days, as compared to control cul-
tures (Fig. 1B). Moreover, ﬂow cytometry revealed that
expression of TRA-1-60 [1], a cell surface marker of undiﬀer-Fig. 1. FGF2 withdrawal alters the self-renewal of hESCs. (A) Low (100·, to
of Miz-hES1 cells cultured for 20 days on PMEF cells in the presence (+, left c
FGF2-free media display typical diﬀerentiated morphologies compared to cel
(B) Cells cultured in FGF2-free media exhibited a signiﬁcant increase in
morphology. (C) Miz-hES3 cells were stained with anti-TRA-1-60 antibod
quantiﬁed by FACS analysis. Values denote the percent of the undiﬀerentia
with similar results.
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Aentiated hESCs, decreased signiﬁcantly following FGF2 with-
drawal (Fig. 1C).
3.2. Activation of PI3K/Akt/PKB signals by FGF is required for
maintenance of self-renewal
Previous work showed that FGFs and their tyrosine kinase
receptors combine to activate the Akt/PKB pathway, which
then promotes the expression of ECM molecules that support
the diﬀerentiation capacity of mESCs [13]. Thus, we evaluated
whether FGF2 withdrawal disturbed this signaling pathway.
We observed that the expression levels of Oct3/4 (a POU tran-p panels) and high power (200·, bottom panels) phase-contrast images
olumn) or absence (, right column) of FGF2 (4 ng/ml). The hESCs in
ls in normal media (arrows and low panels). Scale bars, 100 and 10 lm.
the fraction of diﬀerentiated colonies after 12 days, based on their
y and the undiﬀerentiated hESC population (black histogram) was
ted population. The ﬁgures represent data from triplicate experiments
CT
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ES cells [14,15]) were signiﬁcantly reduced in hESCs cultured
in FGF2-depleted media compared to those grown in the
FGF2 (4 ng/ml)-supplemented media (Fig. 2A), suggesting
that FGF2 withdrawal may trigger the diﬀerentiation process
in hESCs. Western blotting further revealed that FGF2 with-
drawal decreased phosphorylation of the PI3K-downstreamFig. 2. The eﬀects of FGF2 on the expression of signaling molecules.
(A) Miz-hES1 cells were cultured in the presence (+) or absence () of
FGF2 for 20 days and subjected to immunoblot analyses with
antibodies speciﬁc for Oct3/4, p-Akt/PKB, Akt/PKB or b-tubulin.
(B) The expression of ECM molecules and laminin receptors in the
presence (+) or absence () of FGF2. Col type IV a1, collagen type IV
a1; LN a1, laminin a1, FN, ﬁbronectin; Int a6, integrin a6; Int b1,
integrin b1.
Fig. 3. Eﬀects of PI3K inhibition. (A) Phase-contrast image (left) and AP st
(top row) the PI3K inhibitor, LY294002 (10 lM). Scale bars, 100 and 10 lm
determined by counting at least 400 colonies of Miz-hES1 cells. (C) ELISA
expression of ECM molecules and laminin receptors. Data are represente
respectively.
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Amolecule, Akt/PKB (Fig. 2A), and almost completely elimi-
nated the expression of ECM molecules such as collagen type
IV a1, laminin a1, and laminin receptor (Fig. 2B).
To further determine whether FGF signaling through the
PI3K pathway is required for maintaining the undiﬀerentiated
status of hESC, we assessed the diﬀerentiation of hESCs which
were treated with a selective PI3K inhibitor, LY294002 [13].
Regardless of the presence or absence of FGF2 in the media,
PI3K inhibition signiﬁcantly reduced the AP activity (a marker
of the undiﬀerentiated state) (Fig. 3A and B) and the expres-
sion of ECM molecules (Fig. 3C). In addition, in the presence
of FGF2, treatment with the selective PKB inhibitor NL-71-
101 [16,17] was associated with increased diﬀerentiation and
a substantial reduction in Oct3/4 expression (Fig. 4A and B).
Next, quantitative reverse transcript polymerase chain reac-
tion (RT-PCR) showed that Akt/PKB inhibition dose-depen-
dently decreased the mRNA expression of undiﬀerentiated
hESC markers such as nanog, rex1, fgfr4, and sox2 [18] (Fig.
4C). Treatment with NL-71-101 was also shown to inhibit
the transcriptional expression of ECM molecules and laminin
receptors (Fig. 4D). Furthermore, NL-71-101 treatment
caused reduced cell proliferation without any cell death, as
shown by BrdU incorporation (Fig. 4E) and ﬂuorescence acti-
vated cell sorting (FACS) analysis (data not shown), indicating
that the loss of self-renewal induced by NL-71-1001 treatment
was not likely to be due to massive cell death or complete
blockade of the cell cycle.TE
Daining (right) of Miz-hES1 cells treated with (bottom row) or without
(insets). (B) The population of AP-positive undiﬀerentiated cells was
showed that the treatment with LY294002 (0–10 lM) blocked the
d as means ± S.D. (n = 3). \ and \\ indicate P < 0.05 and P < 0.01,
C
Fig. 4. Akt/PKB is essential for proliferation and maintenance of undiﬀerentiated hESCs. (A) Phase-contrast image (ﬁrst column) of Miz-hES2 cells
maintained for 7 days in the absence (top row) or presence (bottom row) of NL-71-101 (15 lM). After treatment with NL-71-101, clear boundaries
appeared between the hESCs, and the distances between the cells widened, both phenotypic characteristics of hESC diﬀerentiation. Additionally,
immunoﬂuorescent images of anti-Oct3/4 antibody- and -DAPI-stained hESCs are shown (second column). Scale bars, 100 and 10 lm (insets). (B) To
determine the relative expression of Oct3/4, the optical intensity was measured on the ﬂuorescent images. (C) RT-PCR showing the mRNA levels for
genes marking undiﬀerentiated cells, namely nanog, rex1, fgfr4, and sox2. b-actin as positive control. Lane 1–4: RNA from Miz-hES2 cells treated
with 0, 5, 15, or 30 ng/ml NL-71-101. (D) Quantiﬁcation of the expression of ECM molecules or laminin receptor at the RNA level by real-time RT-
PCR. The expression levels of laminin receptor and the tested ECM molecules (except ﬁbronectin) were dramatically reduced by NL-71-101-
treatment (5–30 lM). (E) BrdU incorporation was used to examine proliferation, which was found to decrease in NL-71-101-treated Miz-hES2 cells.
Bars denote means ± S.D. (n = 3). \ and \\ indicate P < 0.05 and P < 0.01, respectively.
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D3.3. Stable expression of ECM molecules is important for
maintenance of self-renewal
Finally, we examined the possibility that an interaction be-
tween laminin and integrin a6/b1 underlies the maintenance
of self-renewal in hESCs. When we blocked the interaction be-
tween laminin and integrins by treatment with anti-integrin a6/
b1 antibodies [19], the hESCs gradually exhibited typical diﬀer-
entiated phenotypes such as ﬂattened cellular morphologies
and reduced AP activity (Fig. 5A and B). However, an anti-
body against gp130, a subunit of the LIF receptor (control),
did not stimulate such morphological transformation, nor
did it alter the AP activity (Fig. 5A and B). Moreover, mRNA
expression of nanog, oct4, rex1, and sox2, the genes expressed
in undiﬀerentiated hESCs, was prominently reduced by inte-
grin a6/b1 treatment (Fig. 5C). Together, these ﬁndings indi-
cate that the interaction between laminin and its receptor is
involved in the maintenance of self-renewal in hESCs.
RE
TR4. Discussion
Although FGF2 is usually included in the media for hESC
culture, the precise action of this molecule in the cells remains
undeﬁned [20,21]. When Miz-hES cells were maintained in
FGF2-depleted media, they gradually lost their undiﬀerenti-ated morphology and TRA-1-60 expression. Also, the expres-
sion of Oct3/4, a transcriptional factor essential for the
maintenance of pluripotency in hESCs [22,23], became signiﬁ-
cantly attenuated compared to that in control cells cultured in
the presence of FGF2. Thus, our data indicate that FGF2 is
necessary for hESC self-renewal.
A number of studies have identiﬁed signaling molecules that
govern the developmental fate of ESCs. In mESCs, the activa-
tion of STAT3/ERK by LIF plays a pivotal role in mainte-
nance of self-renewal [23,24], but not in ESCs from humans
or non-human primate [10,25,26]. We also found that the pres-
ervation of the undiﬀerentiated state and pluripotency in our
Miz-hES cells was independent of STAT/ERK activation (data
not shown). Instead, Sato et al. [10] suggested that the multipo-
tent self-renewal of hESCs involves the activation of canonical
Wnt signals. In addition, because inhibition of the PI3K/Akt/
PKB signals disturbed the undiﬀerentiated phenotypes and
stimulated diﬀerentiation, we now propose the activated
PI3K/Akt/PKB signal pathway as a contributing mechanism
for maintaining the self-renewal of hESCs (this study) as well
as mESCs [11].
Cumulative evidence on mESCs consistently revealed that
the interaction between FGFs and their receptors led to the
upregulation of ECM molecules through the activation of
PI3K/Akt/PKB [27,28], and that this promoted basement
Fig. 5. Blocking of laminin receptors alters the self-renewal of hES cells. (A) Miz-hES3 cells were pre-incubated with antibodies against integrin a6,
b1, or gp130 (as a negative control) (10 lg/ml) to completely block laminin receptors. To determine whether this blockade led to diﬀerentiation of
hESCs, we examined cell phenotypes such as colony morphology (top row) and AP-reactivity (bottom row). (B) Indeed, blockade of the laminin
receptors prominently reduced the number of AP-positive undiﬀerentiated cells. (C) Realtime RT-PCR analysis of expression of the nanog, oct4,
rex1, and sox2 genes in Miz-hES3 cells treated with anti-integrin a6/b1-antibody. Bars denote means ± S.D. (n = 3). \ and \\ indicate P < 0.05 and
P < 0.01, respectively.
S.J. Kim et al. / FEBS Letters 579 (2005) 534–540 539
AC
TE
Dmembrane assembly and ectodermal diﬀerentiation [29–32]. A
recent proteomic study also demonstrated that FGF4 and
ﬁbronectin synergistically facilitated the diﬀerentiation of
mESCs [33]. In contrast, the possible roles of ECM molecules
in supporting cell survival or growth have been well reviewed
[34,35]. Interestingly, it was recently proposed that the interac-
tions between ECM molecules and their receptors may be
important for the long-term self-renewal especially in hESCs.
In a feeder layer-free culture system, hESCs seeded onto gela-
tin (therefore lacking ECM molecules) diﬀerentiated within a
short time, whereas the inclusion of ECM molecules enabled
hESCs to maintain proliferation in an undiﬀerentiated state
[6,12]. Corroborating the contribution of ECM molecules for
maintenance of hESC self-renewal, our present study showed
that when the activity of integrin a6/b1 was functionally
blocked by speciﬁc neutralizing antibodies the hESCs lost
the characteristics of the undiﬀerentiated ESCs (i.e., AP-reac-
tivity and the expression of undiﬀerentiated marker genes such
as nanog, rex1, fgfr4, and sox2). Moreover, either FGF2 with-
drawal or inhibition of PI3K/Akt/PKB signal pathway led to
the reduced expression of ECM molecules and markers of
undiﬀerentiated cells. Thus, regardless of the lack of an expla-
nation for the opposing roles of ECM molecules in mESCs vs.
hESCs, these results indicate that FGF2-dependent upregula-
tion of ECM molecules through the activation of PI3K/Akt/
PKB signaling is essential for the maintenance of self-renewal
in hESCs.
RE
TRIn conclusion, the present study is the ﬁrst to elucidate why
FGF2 should be included in the media in a long-term hESC
culture, and that normal regulation of ECM molecules by
FGF2-dependent activation of PI3K/Akt/PKB signaling con-
tributes to the self-renewal maintenance of hESCs. Consider-
ing their potential for cell therapy against many human
diseases, the insights on the molecular mechanisms underlying
the self-renewal and diﬀerentiation of hESCs are signiﬁcant.
Moreover, we expect that our study will provide a new under-
standing of the developmental signals that regulate early hu-
man embryogenesis.Acknowledgment: This study was supported by the Stem Cell Research
Center of the 21st Century Frontier Research Program funded by the
Korean Ministry of Science and Technology (code: M102KL010001-
02K1201-00310, M102KL010001-03K1201-00610).References
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